Etiolated whole rice seedlings enclosed in sealed vials produced ethylene at a rate of 0.9 picomole per hour per seedling. When 2-centimeterlong shoots were subdivided into 5-millimeter-long sections, the sections containing the tip of the shoot evolved 37% of the total ethylene with the remaining 63% being produced along a gradient decreasing to the base of the shoot. The tip of the coleoptile also had the highest level of the ethylene precursor 1-aminocyclopropane-l-carboxylic acid and of the ethylene-forming enzyme activity. Ethylene is one of the factors controlling coleoptile elongation. Decapitation of the seedling reduced ethylene evolution to one-third its original level and inhibited coleoptile growth. In short-term experiments, the growth rate of decapitated seedlings was restored to almost that of intact seedlings by application of ethylene at a concentration of 10 microliters per liter. Apart from ethylene, 02 also participates in the control of coleoptile growth. When rice seedlings were grown in a gas mixture of N2 and 02, the length of the coleoptiles reached a maximum at a concentration of 2.5% 02. Lower and higher concentrations of 02 reduced coleoptile growth. The effect of exogenous ethylene on coleoptile growth was also 02 dependent.
Etiolated whole rice seedlings enclosed in sealed vials produced ethylene at a rate of 0.9 picomole per hour per seedling. When 2-centimeterlong shoots were subdivided into 5-millimeter-long sections, the sections containing the tip of the shoot evolved 37% of the total ethylene with the remaining 63% being produced along a gradient decreasing to the base of the shoot. The tip of the coleoptile also had the highest level of the ethylene precursor 1-aminocyclopropane-l-carboxylic acid and of the ethylene-forming enzyme activity. Ethylene is one of the factors controlling coleoptile elongation. Decapitation of the seedling reduced ethylene evolution to one-third its original level and inhibited coleoptile growth. In short-term experiments, the growth rate of decapitated seedlings was restored to almost that of intact seedlings by application of ethylene at a concentration of 10 microliters per liter. Apart from ethylene, 02 also participates in the control of coleoptile growth. When rice seedlings were grown in a gas mixture of N2 and 02, the length of the coleoptiles reached a maximum at a concentration of 2.5% 02. Lower and higher concentrations of 02 reduced coleoptile growth. The effect of exogenous ethylene on coleoptile growth was also 02 dependent.
A remarkable characteristic of the rice coleoptile is its ability to grow in an environment containing very low levels of 02 or no detectable amounts of 02 at all ( 13, 25) . The capacity of this organ to grow under hypoxic conditions has been interpreted as an adaptation ofthe rice seedling to flooding conditions, allowing it to emerge from the water where the 02 concentration is much lower than in the air. This adaptive behavior seems to be shared by all cultivated species of the genus Oryza (13) , including the wild rice, Zizania aquatica (2). Echinochloa crus-gaili ( 11) and Peltandra virginica (3) are also able to germinate and grow under hypoxic conditions. In low 02, the growth of rice seedlings is restricted to the coleoptile and mesocotyl while root and leaf growth is severely inhibited (22) . Coleoptile elongation is stimulated by ethylene (12) and by high levels of CO2 (12, 18) . Low levels of 02, high levels of CO2 and ethylene contribute equally to the stimulation of coleoptile growth (18 NaOCI) for 10 min, followed by many rinses with tap and distilled H20.
Germination. Seeds were germinated in darkness at 30± 0.2°C under two different conditions to vary coleoptile height. In most experiments, 1-cm-long coleoptiles were used which were obtained by germinating seeds in 14-cm Petri dishes containing 30 ml of distilled H20 for 2 to 3 d. In some experiments, longer coleoptiles (about 2 cm) were needed; these were obtained by germinating seeds in plastic boxes (20 x 10 x 8 cm) covered with 905 Reynolds plastic film. Six-hundred seeds and 20 ml of distilled H20 were placed in each plastic box, and the seedlings were grown for 6 d. Under these conditions, the coleoptiles grow taller because the duration of coleoptile growth is extended in sealed containers (see e.g. Raskin and Kende [ 18] Fig. 4 ). The whole seedling was placed in a glass chamber containing 1.5 ml of water, which was enough to cover half of the seed.
Growth Bedford, MA) and connected to a circular gas distributor with outlets. For experiments with 02-free N2, a modified version of the above gas distributor was built. Intramedic polyethylene tubing (Clay Adams Inc., Parsippany, NJ) running inside a Tygon flexible plastic tube (0.16 cm wall) was used to make the flexible connections, and glass tubing was employed as much as possible. The level of 02 was checked at the exit of the gas distributor and was found to be less than 20!u 1-'. Traces of ethylene in the cylinders or in the air duct were removed by passing the gases through a column of Purafil (Purafil Inc., Atlanta, GA). Flow rates were monitored with flowmeters (Gilmont Instruments Inc., Great Neck, NY) inserted into the gas lines.
Determination of ACC2 and Ethylene. For ACC determinations, the plant material was homogenized and extracted with 60 mM Tris-HCI buffer (pH 7.9). After centrifugation at 13,000g (Micro-Centrifuge, Fisher) for 15 (Fig. 1) . The level ofethylene also increased markedly between day 1 and 3, reaching a final concentration of 0.9 ;d 1-' at the end of the experiment.
To determine the distribution of growth, coleoptiles were marked along their longitudinal axis at different points, and the growth between these points was determined (Fig. 2) . No signifi-Plant Physiol. Vol. 79, 1985 (Table I) . When 2-cm-long shoots were cut in 5-mm-long sections and the evolution of ethylene was measured during a period of 5 h, the section including the tip of the shoot accounted for 37% of the total ethylene ¢volution. The remaining 63% were produced in a gradient decreasing to the base of the coleoptile (Fig. 3a) . Cutting the shoots in small pieces caused wound-ethylene formation (6) as had been shown in other plant systems (e.g. Hanson and Kende [5] ). Rice shoots cut in four 5-mm sections evolved almost three times more ethylene than did intact shoots. When compared to the controls, ethylene production increased up to 50-fold as a result of treatment with ACC. This result also points to the fact that ethylene evolution in rice seedlings is limited by the availability of endogenous ACC (compare Fig. 3, a and b) . Although ACC was available at equal concentrations, not all the parts of the shoot had the same capacity to oxidize ACC to ethylene (Fig. 3b) . The ACC content decreased from the tip of the coleoptile towards the base (Fig. 3c ).
Ethylene at a concentration of 6 gl I' enhanced coleoptile elongation by 57% compared to seedlings which were grown in an atmosphere from which ethylene had been removed with mercuric perchlorate (Table II) . Decapitation of 72-h-old rice seedlings reduced the amount of ethylene accumulated during the following 3 d by two-thirds and growth of the coleoptile by 70% (Table II) . In such long-term experiments, applied ethylene ET El LO only partly reversed the inhibition caused by decapitation. Decapitated seedlings in the presence of a saturating concentration of ethylene did not reach the final length of intact seedlings incubated under the same conditions (Table II) .
2,5-Norbornadiene counteracts the effect of ethylene on respiration of tobacco leaves and growth of pea epicotyls (19, 20) .
In the presence of 5000 gl 1-' 2,5-norbornadiene, coleoptile elongation was inhibited by 21% compared to the control (Table   III) . Ethylene at a concentration of 10 Al I' fully reversed the growth inhibition by 2,5-norbornadiene.
The time course of ethylene-induced growth over a period of several hours was investigated using an angular transducer (Fig.  4) . Since the seedling was held at the seed, both the mesocotyl and the coleoptile contributed to the total elongation of the shoot. However, in air, mesocotyl growth was negligible. The rate ofelongation in response to ethylene did not increase rapidly. Lag time determinations varied greatly from one seedling to another, but in most cases, it was in the range of hours. In shortterm experiments such as shown in Figure 4 , ethylene reversed the inhibitory effect of decapitation on growth of the seedling.
Little is known about the effect of ethylene on coleoptile growth in anoxia or at low 02 concentrations. When rice seedlings were grown in gas mixtures of N2 and 02, the length of the coleoptile reached a maximum in a gas mixture containing between 2 and 3% 02 (Fig. 5 ). Lower and higher concentrations of02 reduced coleoptile growth. The effect ofexogenous ethylene at different concentrations of 02 was also plotted in Figure 5 . No significant promoting effect of ethylene was observed in the absence of 02. Stimulation ofgrowth by ethylene increased when the level of 02 was raised, reaching a saturation when the gas mixture contained about 6% 02 (difference in the growth response between ethylene-treated and control seedlings, Fig. 5 ). Figure 6 shows the time course of coleoptile elongation at 0 and 2.5% 02, with and without 10 11-' ethylene. While seedlings growing under anoxia continued to elongate during the 5 d of incubation, seedlings growing in a mixture containing 2.5% 02 ceased growing on about the 3rd d after transfer. The acceleration of the growth rate by ethylene in the presence of 02 contrasted with the lack of effect of exogenous ethylene under anaerobic conditions (Fig. 6 ).
DISCUSSION
Growth of the rice coleoptile is enhanced at low atmospheric 02 and high CO2 concentrations and by ethylene (7-9, 12, 18, 21) . In addition, a fourth, still unknown factor is thought to be involved in the growth of coleoptiles under water (8) (0) are plotted along with the control (0). The gas flow was 30 ml min-'. Norbornadiene, a chemical reported to counteract the effect of ethylene in tobacco leaves and pea epicotyls ( 19, 20) , inhibits coleoptile elongation by 21% compared to the control. This result agrees with previous ones where ethylene was found to be responsible for about one-third of the total stimulation of coleoptile growth of seedlings in sealed containers ( 18) .
When rice seedlings were grown in vials through which gas was passed continuously, the optimal concentration of 02 for coleoptile growth was found to be 2.5%. This value is in the same range as those found by previous workers namely, 3 .5% (17), 2.5% (16) , and 1 to 2% 02 (4) . The same concentration of 02 was found to be optimal when rice seedlings were grown in the presence of 10 1-' ethylene.
Ethylene promotes coleoptile elongation even at very low levels of 02 (12) 
